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In a quantum world, a watched arrow never
moves. This is the Quantum Zeno Effect [1]. Re-
peatedly asking a quantum system “are you still
in your initial state ?” blocks its coherent evo-
lution through measurement back-action. Quan-
tum Zeno Dynamics (QZD) [2, 3] leaves more
freedom to the system. Instead of pinning it
to a single state, it sets a border in its evolu-
tion space. Repeatedly asking the system “are
you beyond the border ?” makes this limit im-
penetrable. Since the border can be designed
by choosing the measured observable, QZD al-
lows one to tailor dynamically at will the system’s
Hilbert space. Recent proposals, particularly in
the Cavity Quantum Electrodynamics (CQED)
context [4, 5], highlight the interest of QZD for
quantum state engineering tasks [6–11], which
are the key to quantum-enabled technologies and
quantum information processing. We report the
observation of QZD in the 51-dimension Hilbert
space of a large angular momentum J = 25. Con-
tinuous selective interrogation limits the evolu-
tion of this angular momentum to an adjustable
multi-dimensional subspace. This confined dy-
namics leads to the production of non-classical
‘Schrödinger cat’ states [12, 13], quantum su-
perpositions of angular momentums pointing in
different directions. These states are promising
for sensitive metrology of electric and magnetic
fields. This QZD approach could also be gen-
eralized to cavity and circuit QED experiments
[4, 5, 13], replacing the angular momentum by a
photonic harmonic oscillator.
Quantum Zeno dynamics modifies the classical motion
of a system by its observation in a quantum context [4–
11]. However, an actual projective quantum measure-
ment is not mandatory, and QZD can be equivalently
attained by performing a pulsed unitary acting only on
the states at the border ("Bang Bang" control) or even
by applying a strong continuous coupling to these states.
This has been predicted theoretically [3] and verified in
a recent experiment [14]. In that experiment, however,
the evolution of the system is restricted to a dimension
2 subspace. The dynamics is simply that of a spin 1/2,
and do not exhibit the most striking features of QZD [4].
In this Letter we implement QZD in a large atomic
angular momentum J = 25 (‘spin’ or top), represented
as an arrow pointing on a generalized Bloch sphere. In
the 51-dimensional Hilbert space, we isolate tailorable
multi-dimensional manifolds. We show how QZD induces
a very non-classical dynamics inside the Zeno subspace,
leading to the generation of Schrödinger cat spin states
[12], in which the arrow points at the same time in two
different directions. As spin-squeezed states [15], which
are the focus of an intense attention, these cat states lead
to quantum-enabled metrological applications [13].
The angular momentum projection on the polar axis
of the generalized Bloch sphere is quantized, taking the
values J − k, with k = 0 . . . 2J (the corresponding eigen-
states being |J, J − k〉). The dynamical evolution from
the initial state |J, J〉 (North pole of the Bloch sphere) is
induced by a resonant field driving transitions between
these eigenstates. In classical terms, it corresponds to a
rotation of the arrow along a meridian from the North
to the South pole and back. In quantum terms, at each
stage of the rotation, the system is in a spin coherent
state [16], superposition of |J, J − k〉s, the average value
of J − k coinciding with the projection of the arrow on
the polar axis.
Repeatedly measuring the value of this projection
would freeze the rotation, merely realizing the quantum
Zeno effect. Here, instead, we implement the QZD by
applying continuously a selective unitary evolution ad-
dressing only one of the |J, J − k〉 states. This state
corresponds to a well-defined ‘limiting latitude’ on the
Bloch sphere. The spin is forbidden to cross the limiting
latitude and its motion remains confined on the North
polar cap [5].
This confined motion is nontrivial. As the rotating
spin reaches the limiting latitude crossing point, it sud-
denly vanishes and reappears at a point on the limiting
latitude with opposite longitude (inversion of the spin’s
azimuthal phase). The rotation then resumes towards
the North pole. The complete, smooth rotation of the
classical dynamics is interrupted by sudden phase inver-
sions and replaced by a confined motion on the polar cap
bounded by the limiting latitude. Caught at the phase
inversion time, the spin is transiently in a quantum su-
perposition of two spin coherent states pointing along
opposite longitudes, a cat state.
This confined evolution is similar to that predicted for
QZD in the cavity or circuit quantum electrodynamics
context [4, 5]. The dynamics of an angular momentum
near the North pole of the Bloch sphere is analogous to
that of a one-dimensional field oscillator, k playing the
role of the photon number [12]. In this analogy, the polar
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2FIG. 1. Rydberg energy levels (a) Stark manifolds with
principal quantum numbers ng = 50, ne = 51 and nf = 52
(not to scale). In each manifold, the levels, sorted by their
magnetic quantum numberm, form a triangular pattern. The
thick lines represent the spin states ladder coupled to the
circular state |ne, 0〉 (thickest line) by the σ+ RF field. The
green and red arrows show the transitions resonant with the
probe pulse for kp = 3 and with the Zeno MW for kz = 5
respectively. (b) Spin states without (black lines) and with
(colored lines) the Zeno MW. The Zeno field splits the |ne, kz〉
state in two dressed states, |+〉 (green line) and |−〉 (blue
line), separating the Hilbert space in two subspaces HN and
HS (spanned by green and red states respectively). The RF
field induces transitions within these subspaces (tilted arrows)
but is unable to connect them through the gap Ωmw opened
by the Zeno MW. The Rabi splitting and the light shifts are
exaggerated for clarity.
cap of the Bloch sphere becomes the phase plane spanned
by the field quadratures. Our experiment can thus be
viewed as a quantum simulation of the CQED version of
QZD.
The spin J = 25 is implemented in a subspace of the
Stark manifold of a Rydberg atom. The interest of co-
herent manipulations of Rydberg manifolds has already
been demonstrated in pioneering experiments on coher-
ent wave packet dynamics [17–19]. We take advantage of
the versatility of this system to demonstrate here a new
quantum feature. Figure 1(a) sketches parts of three ad-
jacent Rydberg manifolds [20] (principal quantum num-
bers nf = 52, ne = 51 and ng = 50) in a static electric
field F, defining the quantization axis Oz. The eigen-
states are sorted in columns according to their magnetic
quantum number m (selected to be positive). The cir-
cular state [21, 22] in the ne manifold (thickest line) has
the maximum allowed m = ne− 1 value. A σ+-polarized
radio-frequency (RF) field couples it to a ladder of nearly
equidistant levels (thick lines). The transitions between
adjacent ladder states are at the Stark angular frequency
ωa = (3/2)neea0F/h¯ within small second order correc-
tions in F (a0: Bohr radius, e: charge quantum). Since
the atom is prepared initially in the circular state, the
other levels in the manifold are not populated by the
RF-induced dynamics and are ignored. The atom evolves
within a ladder of 51 levels, |ne, k = 0〉 . . . |ne, k = 50〉,
where |ne, k = 0〉 is the circular state.
The coherent evolution induced by the RF field is ruled
by the Hamiltonian [23]:
Vˆ =
h¯Ωrf
2
∑
k
√
(k + 1)(ne − k − 1)|ne, k+1〉〈ne, k|+h.c. .
(1)
This Hamiltonian describes the rotation of a J = 25 an-
gular momentum at a Rabi frequency Ωrf [16], with the
correspondence |ne, k〉 → |J, J − k〉.
The atomic state, driven by the RF, moves down and
up the ladder, while the equivalent angular momentum
rotates around a meridian of its Bloch sphere. We ob-
serve this rotation by applying the resonant RF for a time
t1 and we measure the populations of |ne, k〉 as a function
of t1 by field-ionization (See supplementary information).
However, field-ionization does not resolve directly the
|ne, k〉 states. Hence the population P (kp, t1) of |ne, kp〉 is
measured by applying, before field-ionization, a resonant
pi-microwave (MW) pulse tuned to the |ne, kp〉 → |nf , kp〉
transition [green arrow on Fig. 1(a)]. This pulse does not
address the levels |ne, k 6= kp〉, due to the difference be-
tween the linear Stark frequencies in adjacent manifolds.
Field-ionization selectively measures the population of
|nf , kp〉, equal to P (kp, t1) within the pi-pulse transfer
efficiency, ηkp ∼ 0.9 (Supplementary information).
Figure 2(a) shows P (k, t1) (k = 0 . . . 5) versus t1, for
F = 2.35 V/cm corresponding to ωa/2pi = 230.15 MHz
and Ωrf/2pi = 152 ± 4 kHz. The conspicuous cascade
down the state ladder reveals the spin rotation. The
insets show snapshots of the population distribution in
the ladder levels. Data are in excellent agreement with
the theoretical expectations for a rotating spin coherent
state [24].
To induce the QZD, we continuously interrogate the
atom by selectively addressing one of the spin states
with a ‘Zeno’ c.w. MW field resonant on the transition
|ne, kz〉 → |ng, kz〉 [red arrow on Fig. 1(a)]. For levels
|ne, k 6= kz〉, this MW is non-resonant and produces only
small light shifts. For k = kz, the Zeno MW admixes
|ng, kz〉 with |ne, kz〉 replaced by a pair of dressed states,
|±〉, separated by Ωmw (dynamical Stark splitting).
The resulting level ladder is sketched in
Fig.1(b). The σ+ transitions within the subspace
{|ne, 0〉, |ne, 1〉, . . . |ne, kz − 1〉, |+〉} [arrows in Fig. 1(b)]
are nearly degenerate at the frequency ωa. The Zeno
MW dressing opens, between |+〉 and |−〉, a gap wider
than the coupling matrix element ∼ √neΩrf of Vˆ
between the spin states. It makes it nearly impossible
for the RF drive to induce, in an evolution from |ne, 0〉,
transitions towards states below |+〉. The population
of |−〉 is negligible and this state can be disregarded
in the discussion. Moreover, after an appropriate
adiabatic switching-off of the Zeno MW (Supplementary
information), |+〉 is mapped onto |ne, kz〉 (|−〉, being
3FIG. 2. Evolution of the spin state populations. (a)
P (k, t1) for k ≤ 5 in a free RF-induced rotation (no Zeno MW
applied). The points are experimental with statistical error
bars. The solid lines correspond to the theoretical expectation
for a spin coherent state rotating at the fitted frequency Ωrf .
The insets define the color code for the different k values and
present the experimental histograms of P (k, t1) for three t1
values (arrows in the main frame), together with the expected
spin coherent state distribution (solid lines with yellow dots).
(b) P (k, t1) for k ≤ 5 in a QZD with kz = 5. The top frame
gives the total population Ptot of HN . The lines result from
the complete numerical simulation of the experiment (Meth-
ods). The insets give the observed P (k, t1) distribution at
four t1 values (arrows in the main frame) together with the
numerical predictions (solid lines with yellow dots).
mapped onto |ng, kz〉). The QZD thus splits the angular
momentum Hilbert space into HN , made up of the kz +1
levels with k ≤ kz close to the North pole of the Bloch
sphere, and the complementary southern subspace HS
(k > kz).
After a RF-induced QZD lasting a time t1, we probe
the level populations in HN . We adiabatically switch
off the Zeno MW and measure P (k, t1). Figure 2(b)
presents the results of this procedure for kz = 5 and
Ωmw/2pi = 3.4 MHz. The state distribution now bounces
off a ‘wall’ at k = kz+1 and nearly returns into the initial
state after 1.6 µs. This dynamics is drastically different
from the runaway process observed without Zeno MW
[Fig. 2(a)]. It is in excellent agreement with a complete
numerical simulation of the experiment based on the in-
dependently measured experimental parameters (Supple-
mentary information).
The top frame in Figure 2(b) shows the total popula-
tion detected in HN . It drops by ∼ 25% at the bouncing
time. This loss is mainly due to a residual transfer into
HS through the Zeno barrier. The insets show the his-
tograms of P (k, t1) at four different times. They are rad-
ically different from those obtained without QZD [Fig.
1(a)]. We can clearly see that the level population at the
bouncing time is no longer that of a coherent spin state.
Not only QZD restricts the evolution to a subspace of
5 states instead of 51, but the dynamics itself exhibits
striking non-classical features.
We get a clearer picture of this dynamics by a di-
rect measurement of the spin’s Q-function [25], trans-
posing to spin systems the quantum optics Husimi dis-
tribution. It is defined on the Bloch sphere as Q(θ, φ) =
(2J + 1)/(4pi) 〈ne, 0|R†(θ, φ)ρR(θ, φ)|ne, 0〉, where ρ is
the angular momentum density operator and R the ro-
tation along a meridian of the Bloch sphere bringing the
North pole in the direction defined by the polar angles θ
and φ.
Determining Q thus amounts to measuring the pop-
ulation in |ne, 0〉 after rotating the state by means of
a resonant RF pulse whose duration t2 controls θ and
whose adjustable phase controls φ. We perform this ro-
tation with a RF power much larger than that used for
the QZD (coupling
√
nΩ′rf = 2pi · 6.3MHz > Ωmw). It
couples HN and HS even in the presence of the Zeno
MW (Supplementary information).
Figure 3(a) shows six snapshots of Q for kz = 4 and
Ωmw/2pi = 3.08± 0.11 MHz. The initial |ne, 0〉 state has
a Gaussian Q-function centered at the North pole, which
first moves, upwards in Fig. 3, towards the limiting lati-
tude (dashed red line). It then splits in two components
with opposite azimuthal phases. The upper one rapidly
decreases, while the lower grows. At t1 = 0.76 µs the
two peaks are balanced (fourth frame). After the phase
inversion, the Q-function is mainly located in the lower
part of the limiting latitude and resumes it motion to-
wards the North pole, reached again at t1 = 1.46 µs
(last frame). Figure 3(b) presents the results of the full
numerical simulation. The excellent agreement between
simulation and experiment confirms our understanding
of the system Zeno dynamics and of the spin state mea-
surement process.
At t1 = 0.76 µs, we expect the system to be in a su-
perposition of two spin coherent states with opposite az-
imuthal phases. However, the coherence of this superpo-
sition is not conspicuous in the Q-function. In order to
get this information, we reconstruct the full angular mo-
mentum density matrix, ρ, at this time through a Maxi-
mum Likelihood method [26]. It is based on the measure-
ment of the population of several levels after adjustable
4FIG. 3. Evolution of the Q-function under QZD. (a) Measured Q(θ, φ) functions for kz = 4 on the Bloch sphere,
represented in polar projection. The black thin lines indicate 3 parallels separated by 30 degrees and 8 meridians. The data
are linearly interpolated from 96 measurements points at different (θ, φ) values spanning the North polar cap. Left frame:
initial |ne, k = 0〉 state (no RF rotation). The other frames correspond to increasing times t1 from left to right. The motion is
confined by Zeno dynamics inside the limiting latitude (dashed red circle). (b) Corresponding numerical predictions.
RF-induced rotations and adiabatic switching-off of the
Zeno MW (Methods).
Figure 4(a) shows, on the Bloch sphere, the cor-
responding angular momentum Wigner function [27]
W (θ, φ) at t1 = 0.76 µs. As in the quantum optics
context, negative values for this quasi-probability distri-
bution are an unambiguous indication of the state non
classicality. We observe two positive maxima near the
limiting latitude. They correspond to the two spin coher-
ent state-like components pointing towards opposite az-
imuthal phases at the phase inversion time. In between,
the interference fringes and their negativities give a vivid
evidence that we prepare a genuine quantum superpo-
sition of two distinct mesoscopic spin states, a cat sate.
These interference patterns cannot be observed when the
Zeno subspace is only of dimension 2 [14]. Figure 4(b)
presents the simulated Wigner function taking into ac-
count the exact Hamiltonian of the system and all the
known imperfections. Experiment and simulation are in
excellent agreement (mutual fidelity 0.93). The measured
state has a purity Trρ2 = 0.75 (simulation : 0.91). It is
limited by static electric field inhomogeneities.
This experiment demonstrates the implementation of
QZD in a Hilbert space large enough to allow us to gen-
erate mesoscopic superposition states. This is an impor-
tant step towards quantum control through Hilbert space
engineering. It has been shown that the quantum con-
trol of the massively multi-level Rydberg states structure
leads to important applications to state tailoring [17, 19]
and quantum information [18]. The QZD opens an eas-
ily tailorable route towards the generation of such states.
Moreover, the concepts and techniques used here are of
general interest [6–11] and could be applied, for instance,
to superconducting qubits in circuit QED [13], with di-
rect applications to quantum information processing [28].
We plan to extend these experiments to larger kz values
and generate larger Schrödinger cat states, opening the
way to metrology beyond standard quantum limit. The
fast oscillations of the Wigner function near the north
pole makes the measurement of its value a signal which
is very sensitive to a small rotations [13]. Such states
could therefore be used as very sensitive probe of small
static magnetic or electric fields.
We also plan to investigate engineered decoherence
[29], through the application of a controlled electric field
noise. The rich level structure of the Rydberg manifolds
opens the way to the implementation of decoherence-free
qubits through level-dressing schemes [30]. Furthermore,
the atomic state could be mapped on that of a high-
Q cavity by tuning selected transitions in resonance by
means of the Stark effect. The realization of a few qubits
processor with a single multilevel atom in a cavity is
within reach.
I. METHODS
The atoms are produced by excitation of a thermal Ru-
bidium beam. Two electrodes A and B facing each other
(diameter 60 mm) produce the directing electric field F
along Oz. The gap between A and B is surrounded by
four independent electrodes, on which we apply RF sig-
nals to produce σ+ fields with tunable phase and ampli-
tude.
The atomic sample (1.5 atoms on the average) is pre-
pared in the circular Rydberg state by pulsed laser exci-
tation followed by an RF-induced adiabatic rapid passage
through the spin ladder. The whole process is completed
in 5.6 µs. Doppler-selective laser excitation addresses
atoms with a velocity v = 254± 4 m/s.
5FIG. 4. Wigner function of the spin cat state (a) Exper-
imental Wigner function, W (θ, φ), obtained from the recon-
structed density matrix ρ of the spin after a QZD at the phase
inversion time t1 = 0.76 µs (corresponding to the fourth frame
in Fig.3). The interference pattern between the two clas-
sical components reveals the non-classical coherence of this
state. (b) Result of the numerical simulation of the experi-
ment. The fidelity of the calculated density matrix ρc with ρ
is Tr2(
√√
ρρc
√
ρ) = 0.93.
The residual static field inhomogeneities and the
atomic motion limit the useful observation time. The
experimental sequence duration is 35 µs, out of which
at most 3 µs are devoted to the QZD itself. The se-
quence includes the state preparation, the QZD, the RF
rotation used for state reconstruction, the adiabatic Zeno
MW switching-off and the MW probe pulse. Finally, the
atoms fly towards the field-ionization detector D outside
the electrode structure. It resolves states in adjacent Ry-
dberg manifolds, but does not resolve the relevant spin
states.
All parameters of the experiment are independently
measured or extracted from fits between the data and a
numerical simulation of the experiment taking into ac-
count the complete level structure.
The Wigner function measurement is based on a com-
plete reconstruction of the atomic state ρt in the ng and
ne manifolds. Measurements of the populations of the
|ng, k〉 and |ne, k〉 (k < 6) levels after a rotation of the
spin states are used to fit ρt using a Maximum Likelihood
procedure. The final result is then projected on the spin
state ladder. This approach leads to a direct calibra-
tion of the experimental imperfections: about 9.3% of
the population is spuriously transferred in levels outside
the union of HN and HS .
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7II. SUPPLEMENTARY INFORMATION
a. Circular state preparation The experiment takes
place in the electrode structure (vertical symmetry axis
Oz) sketched in figure Extended Material 1. The experi-
ment is cooled down to 1 K. A voltage Vz applied across
the A and B electrodes produces in the vicinity of the
center O of the structure a nearly homogeneous static
electric field aligned with Oz. Four electrodes (1,2,3,4)
surrounding the gap between A and B are used to gen-
erate RF or dc transverse fields.
The Rydberg atoms are excited in a thermal Rubid-
ium atomic beam propagating along axis Ox. They are
promoted from the 5s ground state to the 49f level using
a resonant three-photon excitation (5s → 5p transition
at 780 nm, 5p → 5d at 776 nm, and 5d → 49f at 1258
nm). The 780 nm and 776 nm laser beams are collinear
and propagate in the horizontal plane at a 45◦ angle with
respect to Ox. Due to Doppler effect, laser excitation ad-
dresses atoms with a velocity v = 254± 4 m/s along Ox.
A static voltage applied across electrodes 2 and 4 cre-
ates a 0.236 V/cm field along the propagation direction
of the 780 and 776 nm lasers and defines the quantization
axis during laser excitation. Both lasers are σ+-polarized
with respect to this axis.
The pi-polarized 1258 nm laser beam is also horizon-
tal and perpendicular to the other beams. The static
field lifts the degeneracy between the |m| sub-levels of
49f . With the chosen laser polarizations, we prepare se-
lectively the 49f,m = 2 state. The 1258 nm laser is
switched on for 1 µs. This results in the preparation of
a sample with 1.5 atoms on the average and a spatial
extension of the order of 1 mm, much smaller than the
size of the electrode structure (60 mm diameter).
After the laser excitation pulse, the transverse static
field is adiabatically switched off in 1 µs, while the field
along the quantization axis Oz raises up to 2.55 V/cm
(linear Stark frequency 240 MHz for the n = 49 mani-
fold). We then apply a σ+ RF field at 230 MHz with the
electrode pair (1,2). The static field is then decreased to
2.31 V/cm (Stark frequency 218 MHz) in 1 µs. This pro-
cedure realizes an adiabatic passage on resonance with
the transition between the lower levels of the 49 Stark
manifold and transfers the atoms in the 49 circular state
with a high efficiency. The RF is then switched off and
the electric field F is set to the constant 2.35 V/cm value
used for the main experimental sequence.
We finally apply a 0.9 µs MW ‘purification’ pulse,
tuned to the two-photon transition from the circular 49
level towards the circular 51 state, which does not ad-
dress the spurious population left in ‘elliptical’ states of
the 49 manifold with m < 48. This ensures that only the
state |ne, 0〉 is populated in the 51 manifold.
The preparation sequence is completed 4.6 µs after the
end of the 1258 nm laser pulse.
b. Atomic state detection When they exit the elec-
trode structure, the atoms enter the field-ionization de-
tector D [12] (Extended figure 1). We count the elec-
EXTENDED FIGURE 1. Schematic of the experiment
The atoms are produced by excitation of a thermal Rubidium
beam (blue arrow) propagating along axis Ox. Two mirror-
shaped electrodes A and B (represented here cut by a vertical
plane) produce the directing electric field F along Oz. The
gap between A and B is surrounded by four independent elec-
trodes (1, 2, 3 and 4), on which we apply RF signals to pro-
duce σ+ fields with tunable phase and amplitude. Electrodes
1 and 4, not represented, are the mirror images of electrode 2
and 3 (in yellow) with respect to the xOz plane. The laser ex-
citation to the Rydberg states is performed using three laser
beams that intersect in the center O of the cavity. The 780
nm and 776 nm laser beams are collinear (red), the 1258 nm
laser is sent perpendicular to the other beams (green). Once
the atoms have left the electrode structure, they enter the
field-ionization detector D.
trons produced by Rydberg levels ionization as a func-
tion of the field applied in D. This procedure resolves the
|nf , k〉, |ne, k〉 and |ng, k〉 states for a given k. Neverthe-
less, it does not resolve all relevant levels. In particular,
|ne, k〉 states with similar k values ionize in nearly the
same field.
In order to assess precisely the population P (kp, t1)
of |ne, kp〉, after the RF-induced QZD, we thus apply
a 0.9 µs MW ‘probe’ pi-pulse, calibrated to transfer se-
lectively and efficiently the population of |ne, kp〉 into
|nf , kp〉. Due to the difference in the linear Stark frequen-
cies between adjacent manifolds, transitions originating
from other |ne, k 6= kp〉 states are detuned by (k − kp)∆
with respect to the probe pulse, with ∆/2pi = 4.6 MHz.
This ensures the probe pulse state selectivity.
We then measure the population, Pnf (kp) of |nf , kp〉.
To that end, we count the average number of atoms de-
tected at the ionization peak of |nf , kp〉 after the probe
pulse. We subtract the number of atoms detected at the
same field without the probe pulse, corresponding to the
background produced by the ionization of |ne, k > kp〉
states. Pnf (kp) is finally obtained by normalization to
the average number of atoms initially prepared in the 51
circular state.
The probe pulse has a finite transfer efficiency, ηkp =
Pnf (kp)/P (kp, t1). It is determined through the fit of the
data presented in Fig.2 (a) with a numerical simulation of
the experiment. This provides ηkp = {0.90± 0.02, 0.90±
80.01, 0.90± 0.01, 0.90± 0.01, 0.87± 0.02, 0.84± 0.02} for
kp = 0 . . . 5.
c. Dressed states and Zeno MW adiabatic switching-
off In a proper interaction representation with respect
to the Zeno MW drive, the dressed states are |±〉 =
(|ne, kz〉 ± |ng, kz〉)/
√
2. To measure their population,
we implement an adiabatic transfer of |+〉 and |−〉 onto
|ne, kz〉 and |ng, kz〉 respectively at the end of the inter-
action with the RF field. We first decrease in 3 µs the
value of the electric field to detune the Zeno MW from
the |ng, kz〉 → |ne, kz〉 transition. It sets the MW fre-
quency exactly halfway between the |ng, kz〉 → |ne, kz〉
and |ng, kz + 1〉 → |ne, kz + 1〉 transitions. This corre-
spond to a reduction of the amplitude of F by a factor
0.90 (for kz = 4) or 0.92 (for kz = 5). We then ramp
down the amplitude of the microwave field and switch
it off after 4.5 µs. This procedure maps with a high ef-
ficiency |+〉 onto |ne, kz〉 and |−〉 onto |ng, kz〉. Other
levels |ne, k 6= kz〉 are only slightly mixed with the corre-
sponding ng manifold levels and map with unit efficiency
to the unperturbed states at the end of the adiabatic
transfer procedure.
d. Experimental sequence The time origin of the se-
quence is chosen to be the start of the 1258 nm laser
pulse. The preparation of the circular 51 state ends at
t = 5.6 µs. The Zeno MW is switched on at t = 6 µs.
The first RF pulse of variable duration t1, applied with
the (1,2) electrode pair, always ends at t = 8 µs. For
state reconstruction (Q or W function measurements),
the QZD is immediately followed by a rotation of the spin
produced by an intense RF pulse, applied on electrodes
3 and 4 during a time interval t2 of 0.3 µs at most. The
Zeno MW adiabatic switching-off lasts from t = 9 µs to
t = 16.5 µs: the electric field is reduced between t = 9 µs
and t = 12 µs, before slowly decreasing the Zeno MW
amplitude in 4.5 µs. The electric field is then switched
to F = 2.35 V/cm at t = 17 µs, and the MW probe pulse
is applied. Due to the stationary wave structure of the
MW, the exact start time of the probe pulse is chosen
to optimize the efficiency of the transfer rate ηk. Its du-
ration is 0.9 µs. The atoms finally reach the detector D
around t = 232 µs.
e. Calibration methods The quality of the RF cir-
cular σ+ polarization is of paramount importance in this
experiment. To generate the σ+ RF field, we optimize
the phase and amplitude of the RF drives applied either
on (1,2) or (3,4) electrodes through a procedure that will
be described elsewhere. We measure the residual σ− po-
larization amplitude to be on the order 5 % of the σ+
field.
The linear Stark frequency is determined by the static
field F produced by electrodes A and B. They are in-
deed spherical mirrors, ordinarily used in microwave cav-
ity QED experiments. For a constant Vz applied across
them, the field varies with the atomic position in the
structure. The resulting spatial variation of the Stark
frequency along the atomic beam has been measured by
MW spectroscopy and is compensated in the actual ex-
EXTENDED FIGURE 2. Timing of the experimental
sequence The Zeno MW is switched on at t = 6 µs with
respect to the excitation laser pulse. The RF pulse of du-
ration t1 starts at an adjustable time between t = 6.14 µs
and t = 7.94 µs and ends at t = 8 µs (red). For the state
reconstruction experiments, an intense RF pulse immediately
follows for a duration t2 (blue). At t = 9 µs, the electric field
is reduced and the amplitude of the Zeno MW is then slowly
decreased. The electric field is finally switched to F = 2.35
V/cm at t = 17 µs, and the MW probe pulse is applied.
periments by applying a time-varying Vz. With this pro-
cedure, ωa/2pi varies by less than 30 kHz during the du-
ration of the RF pulses.
A precise calibration of the linear Stark frequency
ωa(F ) as a function of F is performed, for a few F values,
by Ramsey spectroscopy. Two short RF pulses at angu-
lar frequency ωrf are applied on atoms in the circular 51
state, separated by a time T . We measure the probability
P (0, T ) to get the atom in the initial state as a function
of T . The resulting P (0, T ) oscillates at the angular fre-
quency |ωa(F )− ωrf |. The finite set of calibrated ωa(F )
values is interpolated to set the atom frequency 150 kHz
above the RF one. This small detuning nearly compen-
sates on average the light shifts produced by the Zeno
MW on the |ne, k 6= kz〉 states.
The Zeno MW Rabi frequency, Ωmw, is inferred from
a measurement of the Rabi splitting between the dressed
states |+〉 and |−〉. We prepare the |n = 49, kz〉 state
and probe the transitions towards |±〉 with an auxiliary
microwave field. We then switch off abruptly the Zeno
MW and measure the probability to find the atom in
|ng, kz〉 as a function of the frequency of the auxiliary
field.
The Rabi frequency of the RF field inducing the QZD,
Ωrf , is calibrated by the fit of the observations in Fig.
2(a) with a numerical simulation. A similar experiment
calibrates the Rabi frequency for the intense RF rotation
9used for state reconstruction, Ω′rf .
The static electric field inhomogeneity across the
atomic sample size and trajectory is estimated by ro-
tating by an angle θ0 the |ne, 0〉 state by a first RF
pulse. This creates a coherent spin state. We let this
state evolve in the inhomogeneous electric field for an
adjustable time delay T . We then measure its Q(θ, φ)
function as a function of φ at the latitude θ = θ0. The fre-
quency dispersion ∆ωa induced by field inhomogeneities
leads to a phase-broadening of the Q-function. Its mea-
sured Gaussian width, ∆φ, is ∆φ2 = ∆φ20 + ∆ω2aT 2,
where ∆φ0 is the intrinsic width of the spin coherent
state. Repeating the experiment for a few T values, we
get ∆ωa/2pi = 174 kHz. This inhomogeneity is the main
source of decoherence for these experiments. It could be
considerably reduced in a optimized electrode structure.
f. Numerical simulations Numerical simulations are
performed in the complete Hilbert space of the atom,
generated by all |ng, k〉 and |ne, k〉 states whose energy
are calculated including second order Stark effect. ωa is
the frequency of the first step of the spin ladder. We
compute the total Hamiltonian, including the RF and
MW Zeno drives in a proper interaction representation.
The RF drive is represented by the interaction potential
V [Eq. (1)] with constant amplitude. The permanent
MW drive is approximated by a constant Rabi frequency
coupling between |ng, k〉 and |ne, k〉 for all k values. To
get the evolution operator UQZD representing the Zeno
dynamics, we numerically exponentiate this Hamiltonian
with MATLAB during the effective time interval t1 − t01
where t01 = 69 ± 1 ns is a small offset representing the
finite rise time of the actual RF field amplitude. This
offset is extracted from a fit of the data presented in Fig.
2(a).
For the quantum state reconstruction procedure, the
preparation pulse of duration t1 is nearly immediately
followed by the rotation pulse of duration t2. This is
modeled in the simulation by two ideal square pulses of
effective duration t1− t01 and t2− t02, separated by a time
interval ti during which the RF field amplitude is set at
zero. The time ti = 30 ns is an adjustable parameter
that models the transient regime due to the actual shape
of the pulses. The time t02 = 74± 1 ns is extracted from
the fit of an auxiliary experiment.
Finally, we take into account the static electric field
inhomogeneity by simulating the experiment for different
value of F ′, and averaging the results with a Gaussian
weight p(F ′) centered around F .
g. MaxLike analysis We reconstruct the complete
atomic density operator ρt in the basis of the |ne, k〉 and
|ng, k〉 states for all k values using the MaxLike algorithm
[26]. This provides full information on the spin state at
the time of the cat creation (see Fig. 4). We apply an
intense rotation RF pulse, with adjustable phase and ro-
tation angle, and adiabatically switch off the Zeno MW.
This complex procedure is represented by a unitary op-
erator U acting on the full atomic state. The operator U
is numerically obtained through the exhaustive numeri-
cal simulation of the procedure. We then measure the
populations in the |ne, k〉 and |ng, k〉 states for k < 6 and
fit by a Maximum likelihood procedure the state ρt to
these observations. We finally get ρ by projecting ρt on
the spin state ladder. We normalize the result by a co-
efficient 1/0.91 corresponding to the spurious leaks out
of the spin Hilbert space. We check in the procedure
that the spurious population in the dressed state |−〉 is
lower than 1.5% at the reconstruction time. The Wigner
function is computed according to Ref [27]. Since the
spin states with k ≥ 16 have a negligible population (less
than 0.7%), dominated by noise, we truncate ρ to the
first 16 spin states before computing W .
